Personal cooling systems provide cooling for individual office occupants to maintain thermal comfort at their workplace when cooling is needed. The indoor temperature of the office can be maintained at several degrees higher than is customary in offices today when personal cooling is available, which results in energy saving for office buildings as a whole. To better understand the individual cooling demand of building occupants and develop good control strategies for personal cooling systems, it is necessary to assess the interaction between the user and the personal cooling system. For this purpose, a personal cooling system was tested in a stable, slightly warm environment (27.5°C) in a climate chamber with 11 human subjects. The personal cooling system was controlled by the subject using a simple slider. The interaction of the user with the system was related to comfort level and perceived air quality. The subjects are categorized into groups based on gender, on comfort level, and on whether their comfort improved during the test or not. The results show that comfort level did not directly reflect in a difference in the number of interactions or level of the setting. The largest difference in setting was found between male and female subjects, where females required less cooling.
Introduction
The goal of any climate system in a building should be to optimize the environmental conditions for the occupants (Vischer 2008) . In order to maintain the comfort levels of individual building occupants, local systems have to be provided to compensate for temperature drifts and extreme circumstances. However, even in a neutral environment, some people would like to feel cooler or warmer. A personal cooling system (PCS) is able to accommodate that and provide better comfort at lower total energy consumption (Verhaart et al. 2015c) .
User involvement in the control of PCS is essential. Available personal control for the users leads to more realistic expectations about the thermal environment, which means that users tend to be more tolerant toward the local environment. This was shown by Brager (2004) for the case of openable windows. Boerstra et al. (2013) performed a large survey in office buildings and concluded that when building occupants perceive more control over noise, ventilation, temperature, occupant satisfaction, and self-reported productivity increased. There was no relation found between perceived and available control in this study, except for the case with solar shading. However, it can be concluded that a high level of perceived control is a key factor for the satisfaction expected by building occupants (Hellwig 2015) . From the conceptual framework presented by Hellwig (2015) , guidelines for designing user control in office buildings can be distilled.
First, a high level of perceived control follows from the availability of effective controls. Luo et al. (2016) studied perceived control in a climate chamber where people did not have any control but could indicate dissatisfaction by ringing a bell. They were told that the operator would change the temperature when the bell was rung. This had a positive effect on thermal sensation (TS) and comfort, even though people did not have actual control and the temperature was not actually changed by the operator. It was noted that the test subjects, who participated in the test several times in different conditions, might be aware of the fact that the conditions did not change during the later tests. Even though this was a short study, the problems with providing so-called Downloaded by [Eindhoven University of Technology] at 03:10 13 December 2017 dummy controls were already visible. In the long run, dummy controls lead to low self-efficacy, lack of user's belief in their own competences, and frustration with the building or the facility management (Hellwig 2015) . Eventually, this could lead to the misunderstanding, ignoring, and misuse of thermostats and other temperature controls as was found by Karjalainen and Koistinen (2007) .
Second, a more responsive control is perceived as more satisfying (Leaman and Bordass 1999) . This related to the directness of the control response. When applying this to the design of PCS, direct feedback of the control action toward the user is preferred over a delayed response. How direct the response is, is dependent on the type of PCS that is used. PCSs in all configurations have been tested in the past. This includes systems that were based on radiation, conduction, and convection. Radiation panels are generally slow in response and were, therefore, tested in combination with fans for cooling, for example (Melikov et al. 2013) . Systems based on conduction, such as the hand cooler by Arens and Zhang (2008) , the water-cooled chair employed by Pasut et al. (2013) , the cooled desk plate (Verhaart et al. 2015b ) and the chair and desk plate tested by Pallubinsky et al. (2016) usually have a faster response. Most systems rely on the cooling effect of air movement. This is because air-based systems do not require additional installations to move and mitigate energy and are able to respond quickly. Most typically, the air is provided from a supply unit on the desk (Bauman et al. 1998; Dalewski et al. 2014; Kaczmarczyk and Melikov 2006; Melikov et al. 2012) or integrated in the chair Suzuki et al. 2010; Watanabe et al. 2009 ).
The opportunity of using PCS as a means to give the user control and assess their demand for cooling is only hinted at up until now. In their patent for the heated and cooled chair, Arens et al. (2014) proposed a link that could be made between the chair and the global HVAC system. tested the effect of automated control for PCS by mimicking the user controls from the first test in a second test with the same subject. The main advantage found with respect to the control, was that in the second test, the subjects did not have to spend time and valuable attention to operating the personalized system. This led to an increase in measured productivity, most likely caused by the increase in focus they had to perform their task during this short test. Users might benefit from practice, where controlling the system becomes a habit, or part automation of the system through learning and interpretation by the system itself.
In most articles on PCS, the focus is on the thermal physiological response of a PCS on the body. This is tested using either thermal manikins Lipczynska et al. 2015) or human subjects (Pallubinsky et al. 2016 ) in a controlled environment using fixed settings for the PCS. In other tests the PCS is user controlled, but the focus is more on the comfort reached by the systems. User control is usually only mentioned, not explained or analyzed. User control is shown in (Bauman et al. 1998 ), a field study using the first system described in (Demeter and Wichman 1989) . Results show that users changed the setting less often than once a day.
This study focuses on the interaction of the user with a PCS. How are control actions influenced by air supply temperature, personal characteristics, body composition, and how the user perceives the system? Can user actions be interpreted to determine their thermal preference? These research questions are investigated in this human subject experiment performed in the climate chamber. For this purpose, a PCS with cooling through air movement was built. The human interaction with the PCS is interpreted through logging the controls to determine the resulting cooling demand in an office environment. The way in which people operate the personal cooling in a stable and warm environment was tested.
Methodology

Experiment design
The interaction of the user with a PCS is studied. A PCS is developed and installed in the climate chamber. The climate chamber is furnished as a small two-person office. The environmental temperature is kept at a stable, slightly warm level, which is the same for all tests. In this condition, it is expected that a number of subjects feels uncomfortably warm and will be using the provided cooling system, which is available for the subjects to use. User interactions with the system are monitored by logging the changes in setting continuously. Two aspects of the interactions that are analyzed are the number of interactions and the level of the selected airspeed. This data is compared with the self-assessed comfort level to find the relation between the two.
Test subjects
Eleven subjects were recruited among the students and staff of the faculty and consisted of six female subjects and five males and performed all tests. The details of the subjects are listed in Table 1 . Each subject participated in four tests of 90 minutes each in the climate chamber on 4 different days, performing light computer work. The test subjects were advised to wear summer style clothing and wear similar clothes through the sessions. Most subjects complied with this; however, some subjects wore different outfits. This was caused by the outside conditions that fluctuated over the testing period. The clothing insulation is collected from the questionnaire and shown in Table 2 , together with the environmental temperature in the room during the tests and the outdoor temperature on the testing days. On average, the effect of this is minor. The subjects participated in a 4-site skin fold measurement (Jackson and Pollock 1985) to determine their fat percentage. Using the fat percentage and the mass of the subject, the basal metabolic rate (BMR) is calculated according to Cunningham (1991) . A clear difference in BMR was found between male and female test subjects. This BMR corresponds to 0.8 met.
PCS
The PCS that was available to use for the subjects is a local cooling system which uses moving cooled air for personal cooling. This system looks similar to the system tested by Dalewski et al. (2014) . The purpose of the experiment by Dalewski was to test ductless ventilation, the air was taken from the room directly. In the present study, the air was taken Downloaded by [Eindhoven University of Technology] at 03:10 13 December 2017 from outside the climate chamber and heated or cooled to the pre-determined temperatures. The supply unit used in the current test has the same shape and size as Dalewski's. However, the air duct was wider and an aluminum honeycomb mesh with holes of 5 mm and a thickness of 5 cm was used to provide a laminar airflow at the nozzle. The air is supplied from 60 cm away, aimed at the face from the front and above (shown in Figure 1 ). The position of the supply nozzle was flexible in the test by Dalewski et al. (2014) and could be changed during the experiment. In this experiment, the position of the nozzle is adjusted to the test subject at the beginning of the test and fixed. The direction selected was the most preferred one among Dalewski's test subjects.
The airspeed from the PCS is controlled directly by the user with the slider (shown in Figure 2 ), whereas subjects in Dalewski's experiment used a turning knob. The design of slider makes use of the functionality matching strategy (Wever et al. 2008) . People are used to operating similar interfaces like sliders (for example in setting volume and light level on a computer or phone). A slider gives better visual feedback to the position than a turning knob. More complicated interfaces tend to distract the user, frustrate and induce abuse (Verhaart et al. 2015a) .
The relation between the position of the slider and the airspeed in m/s in the breathing zone is linear. Figure 2 shows the relation of the control voltage and the airspeed in the breathing zone. Three supply temperatures were tested. Three different systems were used for that. The slider position relates to the control voltage between 0 and 10 V. The minimum and maximum values were adjusted to compensate for differences between the systems. This way, the same position of the slider represented the same airspeed for the user. Below 0.5 m/s, the airflow is hardly perceptible. Feedback from the slider position is immediate as the ventilator is able to adjust to the new airspeed in seconds. The slider design was chosen because it shows the user the current position and the available cooling capacity.
The supply air temperature was controlled using a thermostat with the thermistor in the nozzle. Through mixing between the nozzle and the face, the temperature of the air at the face is different from the temperature set-point at lower selected airspeeds. The relation between the air temperature at the face and the airspeed at the face is shown in Figure 3 .
The PCS setting and air temperature is logged nine times per 10 seconds. User interaction with the PCS is assessed and the use patterns are categorized. The categories are analyzed to find the underlying causes for the behavior pattern by assessing comfort levels, body composition, and after-test interview responses.
Questionnaire
The TS and thermal comfort of the subjects was assessed using a computer-based questionnaire installed on the computer that was used by the subject. The same questionnaire was used by Veselý et al. (2017) . The test subjects started their test right after entering the climate chamber by filling out the first part of the questionnaire. This part contains a checklist where the subjects mark all clothing items they are wearing. In most cases the cooling was started right away to compensate for the warm environment. Every 15 minutes, the next part of the questionnaire popped up for the subject to fill out. Using the questionnaire, the subjects reported their TS on the ASHRAE 7-point sensation scale as well as comfort for seven body parts (whole body, head, neck, arms, hands, legs, and feet) and answered seven questions related to sick building syndrome (SBS) symptoms such as perceived air quality (on a scale from stuffy to fresh). An example of the questions on TS and thermal comfort as well as an example of the perceived air quality is shown in Figure 4 . After leaving the climate chamber, the subjects were asked to fill out a form with open questions related to the overall conditions experienced and the functionality of the local cooling system.
The questionnaires in this experiment log the TS and comfort votes on a continuous scale between the outer limits. The comfort scale is separated in the middle to indicate the difference between comfortable and uncomfortable (Veselý et al. 2017) . Both boxes are divided in two to create the four categories: clearly uncomfortable, just uncomfortable, just comfortable, and clearly comfortable. 
Room and testing environment
The tests were performed in the climate chamber located at Eindhoven University of Technology, previously described by Schellen et al. (2012) and Veselý (2017) . The room is 3.6 × 5.7 × 2.7 m 3 on the inside. The walls, floor, and ceiling consist of aluminum panels with integrated water pipes. The room is also equipped with a dedicated air-handling unit that can be used to supply the room with air of a wide range of temperatures and relative humidity. Figure 5 shows the floor plan and sideview of the chamber during this experiment and it includes measures of the chamber itself. Two test subjects were placed in the chamber at the Fig. 2 . The calibration of the three PCSs. For each of the supply temperatures, a separate system was built. To make the systems feel the same for the subjects, this calibration was used to adjust the slider response. same time. The desks are separated by a screen of 1.4 m height and 2.6 m width, which is high enough so that the subjects are unable to see each other when seated. Both desks were equipped with a PCS. The separator screen also ensures that the disturbance from the PCS from the other side of the wall is minimized.
The climate chamber is set to maintain an operative temperature of 27.5°C during all tests. The air temperature and radiative temperature are controlled separately. The air temperature is controlled by using the temperature measured at 1.1 m using a dedicated temperature sensor. The radiative temperature is controlled by maintaining the surface temperatures of all walls, the floor, and the ceiling. These are Fig. 3 . Relation between the air temperature and air speed in the breathing zone for the systems with different supply temperatures, this can be seen as a measure for mixing between the supply nozzle and the breathing zone. Table for selecting clothing items on the left, two example questions on TS and thermal comfort in the middle and four of seven questions on SBS symptoms on the right. controlled via water running through the aluminum panels. A temperature sensor is integrated in each of the walls, the floor, and the ceiling. The mean of these temperatures is used as the control temperature for the walls.
The climate is monitored using instruments mounted on the environmental measurement stand (EMS). The position of the EMS is marked in Figure 5 . The instruments mounted are three anemometers (Dantec type 54R10), three air temperature sensors (type NTC, shielded) and three relative humidity sensors (type Humitter 50 U) mounted at three heights (0.1, 0.7, and 1.1 m). In addition, a black globe temperature sensor (15 cm black brass globe with NTC PR sensor) is mounted at 0.9 m. Environmental data of the climate chamber is logged at 10-second intervals.
Testing procedure
The subjects had personal cooling available in three of the four tests. The first stage of the experiment included reference test (Tref) and a test with supply air from the PCS available at 25°C (T25). The second stage included a test with cooling available at 23°C (T23) and another one with 26°C (T26) supply air. These two tests were done in random order to compensate for the learning effect between Tsfigure T23 and T26. Figure 6 shows the test schedule. Each test lasted for 90 minutes with 30 minutes accustomization prior to the test outside the climate chamber in a temperature between 22°C and 24°C, which can be considered a neutral environment. This procedure is in accordance with similar studies, such as Pallubinsky et al. (2016) entering the climate chamber, 30 minutes of rest in the climate chamber before starting the experiment, and repeated 30 minutes rest between every cooling mode. (Veselý et al. 2017) , 30 minutes acclimatization in a neutral environment of 21°C (with a higher clo-value). Lipczynska et al. (2015) applied 30 minutes acclimatization in special room and subsequently moved to experimentation room. Dalewski et al. (2014) applied 30 minutes acclimatization in "anteroom" during which air quality assessment has already started. Pasut et al. (2012) applied a 15 minute preconditioning period in the test chamber, on a different chair to get used to the temperature, then moved to the chair that is used for the test itself.
During the stay in the climate chamber, the test subjects were allowed to work on their own computer. For analysis, the first 30 minutes will be considered the settling period and the last hour is the stable period.
Results
Room environmental condition
The experiments were performed between September 28th and October 15th of 2015. The tests were conducted in two parts. The reference test and the test with cooling available at the supply temperature of 25°C were performed first between September 28th and October 5th. The second part of the test, where the supply temperatures were 23°C and 26°C, was performed between October 7th and October 15th. In Table 2 , the testing conditions are summarized. The outdoor temperature is the average of the 24-hour mean of the test days for a particular test variant measured at a Royal Netherlands Meteorogical Institute weather station in Eindhoven. During the second part of the experiment, the outdoor temperature was lower. However, the change of clo-value of the four tests is insignificant.
Learning effect
The first 30 minutes of the experiment is considered the settling period in which the users find the optimal setting for the PCS. The difference between the first 30 minutes and the last hour was analyzed using the Wilcoxon Signed Rank test (non-parametric dependent test) in MATLAB. Statistical significance is assumed of p < 0.05. Of all interactions, 79% are done in the first 30 minutes. In all cases, there is a significant difference (p < 1%) between the number of interactions in the first 30 minutes compared to the last hour. Therefore, this period is analyzed separately from the last hour of the experiment. Figure 7 shows the average setting per test condition used by all subjects over the whole testing period. The tests show that the mean level of the selected airspeed does not change much after 30 minutes.
The tests were performed in a particular order. The reference test and T25 were conducted first and T23 and T26 in a second set. The order in which the subjects conducted the tests within the sets was random. To assess whether the order had an effect on the behavior, the tests were analyzed in the order in which they were done. For half of the subjects, this order was T25, T23, and T26. For the other half, the order was T25, T26, and T23.
The number of interactions during these tests are shown in Figure 8 , graph on the left. All data is also shown in Table 3 . There is a significant difference in the number of interactions in all tests between the first 30 minute and the last hour; however, no significant difference between the tests. There was no significant difference found in the level of the selected airspeed after 30 minutes compared to the level at the end of the tests and there is only a slight significance to the difference between the level of the first and the last test after 30 minutes. This effect was far less than the effect of the supply air temperature.
The effect of supply air temperature
In the experiment, three supply temperatures for the PCS were tested. All results are included in Table 4 . The effect of the supply temperature on the interactions and the level of the selected airspeed was small. The difference in the number of interactions between the tests for both the first 30 minutes and the last hour is not significant. There is a difference in the setting between all supply air temperatures. In addition to that, a significant difference was found between the number of interactions in the first 30 minutes and last hour of tests T25 and T23. This is shown in Figure 8 , graph on the right. The comfort and TS votes for all subjects at 30 minutes and at 90 minutes are compared for all three supply temperatures. Figure 9 shows the mean overall TS votes per questionnaire, sorted for all supply air temperatures as well as for the reference test. The mean PMV is also shown. The TS of the reference test moves toward the PMV at the end, while the cases with cooling move toward neutral, or slightly below that for T23.
Only a few cases are found to have a significant difference between two tests. Between the case without cooling and all cases with cooling, most aspects of TS and comfort show a significant difference, both after 30 minutes and after 90 minutes. When looking per test at the difference between 30 and 90 minutes, no parameters show significant differences.
The effect of body composition on PCS use
The subjects are categorized according to three characteristics to determine the relation between comfort level, the number of interaction and the selected level of airspeed. Full results can be found in Table 5 . The difference between groups was analyzed using the Wilcoxon Rank Sum test (non-parametric independent test, equivalent to Mann-Whitney U-test). The first categorization is based on gender, because there was a large difference in body composition and BMR between the male and female subjects (see Table 1 ). There is no significant difference between male and female subjects when it comes to TS, comfort levels, and the occurrence of SBS symptoms except for a slight difference for the TS at the arms and the neck. This can be caused by the direction of the airflow and the difference in the type of clothing worn, where t-shirts of the female subjects tend to cover less of the upper arm. The largest difference between male and female test subjects is found in the setting. Figure 10 shows the significant difference in setting (p = 0.049) after 30 minutes and an even larger difference at the end of the experiment. This is mainly due to the fact that during the last hour, the male subjects tend to move the slider to increase the airspeed while female subjects tend to reduce the airspeed. The difference between the setting at 30 minutes and 90 minutes is significantly higher for the female subjects than for male subjects.
PCS performance
The second categorization is based on the overall comfort level. Full results are in Table 6 . The comfort level at 30 minutes and at the end of the test are taken for the three test variants where the subjects had cooling available. These are assessed and when more than half was uncomfortable or clearly uncomfortable, the subject is categorized in the uncomfortable group. The comfortable group contained eight people and the uncomfortable group three. The uncomfortable group consists of one male subject and two female subjects. Figure 11 shows that grouping according to comfort level results in a clear difference in the perceived comfort level for all body parts after both 30 and 90 minutes. In addition to that, there is a difference between groups with respect to the perceived air quality, which means they indicated that they perceived the air as stuffier (Figure 12 ). This shows that the experienced air quality relates to the overall thermal comfort. Some subjects reported that the air in the climate chamber Downloaded by [Eindhoven University of Technology] at 03:10 13 December 2017 or from the personal cooling terminal smelled bad, this could be related to the air quality experienced by the test subjects. There is no difference in the selected airspeed or the number of interactions between the comfortable and uncomfortable groups.
The last grouping is based on whether the comfort level was improved for the subject, results included in Table 7 . A subject is categorized in the group improved when the average comfort rating after 90 minutes is higher than the average after 30 minutes. The group improved contains four subjects and the group with the same comfort contains seven. The improved group contains one female subject. Fig. 11 . The difference in comfort level between the people who were comfortable and the people who were uncomfortable during most of the tests. The circles indicate the mean values.
The comfort level improved over the test period for the group of subjects improved, but stayed the same for the other group: the same (see Figure 12 ). The comfort level of the improved group is lower in general than the same group. This, however, was only a significant difference in the air quality and the comfort of the legs and feet. There is no difference in the number of interactions between the improved and the same; however, the improved group kept the airspeed at the same level during the whole test, when the the same group reduces the level between 30 and 90 minutes, leading to a significant difference at the end.
Discussion
In this study, 11 subjects tested a PCS in four tests. The subjects had cooling available which they could control directly. The interaction between human and cooling system can provide insight into the cooling demand of different people. This might help the development of PCSs, interfaces and automated local climate control systems as well as providing insight into cooling demand on a room or an office level.
There is no clear progression visible from the occurrence of discomfort to an action taken to change the airspeed. This is due to the setup of the experiment where questionnaires are presented at regular time intervals. This shows the progression of TS and comfort in a low resolution. The moment of interaction cannot be interpreted as the moment of discomfort. In a number of studies, the logic is used that the control action is directly related to experienced discomfort (Haldi and Robinson 2010) . However, a user's action is related to attention level, whether they are active or passive users, habituation, and the wide range of usually preferred environmental conditions. This can lead to a delayed action by the user which introduces difficulties when relating control actions directly to comfort level or current environmental conditions. The motivation of a specific control action can be asked by providing the subject with a questionnaire at the moment of interaction; however, this places a burden on the subject and could lead to an altered behavioral pattern.
The main difference between male and female subjects in this study was related to the setting at the end of the test, which was higher for the males. This is in accordance with the findings of (Amai et al. 2007) . The subjects in that study had the option to adjust the supply air temperature and found that the female subjects preferred a higher supply air temperature.
The system interface is easy to understand and the feedback of the fan is instantaneous which makes it easy for the user to assess the setting of the system and to adjust quickly.
The analysis of the difference in preferred temperature of the supplied air showed that there was no difference in selected airspeed level and no difference in TS and comfort. More important for the performance of the PCS is the air quality. During a small number of tests, the air quality was deemed insufficient by the subjects and they reported a bad smell. This resulted in an uncomfortable situation. The position of the supply unit and the direction of the supplied air, directly toward the face requires that the air is fresh and odorless. Downloaded by [Eindhoven University of Technology] at 03:10 13 December 2017 Fig. 12 . The difference in rating of air quality. Left: people categorized as comfortable rate the air quality higher compared to the uncomfortable people. Right: the difference between the ratings for the people that were more content at the end of the test than at the beginning compared to the people for whom this did not change. Mean values indicated by the circles.
Conclusions
The experiment was conducted in a slightly warm environment (27.5°C ± 0.3°C) with subjects that were accustomed to a neutral environment before entering the climate chamber. This test, therefore, creates a one-step change from neutral to warm and determines the subject's response to that. The period of settling is clearly visible in the first 30 minutes of testing. After that, the setting of the PCS is more stable. This is reflected in the fact that in most cases, the subjects use the system significantly more often in the first 30 minutes when compared to the last 60 minutes of the test.
Three air supply temperatures are tested and all temperatures show an improvement to the TS, comfort and SBS symptoms over the reference case without cooling. Between the cases with cooling, there is no difference in TS and comfort or number of interactions needed by the subjects; however, there is a significant difference between the selected airspeed. The supply air temperature of 23°C was used at the lowest setting on average.
The best determinant found for the difference in use is body composition. The selected airspeed is clearly different for the male subjects compared to the female subjects. The female subjects in all cases chose a lower airspeed and tended to lower the airspeed during the test (between 30 and 90 minutes). This indicates that BMR is of great importance for the level of cooling needed. The comfort level between male and female subjects was not significantly different. This indicates that it was possible for most people to find the correct airspeed and that the selected airspeed reflects the cooling demand of the subject correctly, apart from the cases where people were uncomfortable. Discomfort with the system could be traced back to perceived quality of the air provided by the system.
The number of interactions did not change as a result of discomfort, body composition, or air supply temperature. No significant difference was found between any of the groups and any of the tests. There was no clear difference in the number of interactions and setting level in the cases of comfortable subjects compared to uncomfortable people. The setting of people that were categorized in the improved group used a higher setting at the end of the test compared to the same group. This means that, from this test, it cannot be concluded that use frequency is an important factor related to comfort. On the other hand, the selected level of airspeed is a good indicator of desired level of cooling, when the air quality is sufficient.
